Background: Growth factor receptor-bound protein-7 (Grb7) is an adapter-type signaling protein recruited to various tyrosine kinases, including HER2/neu. Grb7-specific inhibitors are in early development. As with other targeted therapies, response to therapy might be associated with target expression.
introduction
Growth factor receptor-bound protein-7 (Grb7) is an adapter molecule involved in many signal transduction pathways [1, 2] . It is a member of the Grb family of proteins, which includes Grb7, Grb10 and Grb14 [3, 4] . These proteins possess no intrinsic enzymic activity and they signal through their interaction with downstream proteins [3, 4] . They participate in important cellular functions such as signal transduction, cell motility and tumor progression, as reviewed previously [3] [4] [5] [6] [7] . All have been found to be overexpressed in certain cancers and cancer cell lines [3] [4] [5] [6] [7] .
Grb family proteins are differentially expressed in a variety of tissues [3] [4] [5] [6] [7] . They are characterized by several functional domains that include a unique and highly conserved prolinerich motif (PS/AIPNPFPEL) at the N-terminal region, a Grb and Mig region containing the Pleckstrin homology (PH) domain, a region between the PH and Src homology 2 (SH2) regions and a C-terminal SH2 domain [7, 8] . The SH2 domain binds phosphotyrosine in the context of the adjacent C-terminal amino acids and is critical for the adapter function of these proteins [9, 10] . Grb7 family proteins have been shown to interact with a variety of other proteins, including tyrosine kinase receptors and proto-oncogenes, as reviewed previously [3] [4] [5] [6] [7] .
The human Grb7 gene is located on chromosome 17q11-21 in the immediate vicinity of the HER-2/neu and is part of the HER2/neu amplicon [11, 12] . In normal tissues, Grb7 is most abundantly expressed in the pancreas, but is also expressed in kidney, placenta, prostate, intestine, colon, liver, lung and testis [13] . The precise role of the Grb7 adapter molecule is still not clear, but studies indicate a role for Grb7 in the regulation of cell migration [2, [14] [15] [16] and tumorigenesis, as reviewed previously [3] [4] [5] [6] [7] . Grb7 has >20 binding partners [4] , including nonreceptor tyrosine kinases and receptor tyrosine kinases including epidermal growth factor receptor (EGFR) [1] and HER-2/neu [11] . Most of these proteins interact with Grb7 through the SH2 domain of Grb7 [8, 10, 17] .
Within the cell, Grb7 is present in the cytoplasm, where it interacts with upstream binding partners [14] , including the members of the EGFR receptor family [11, 18] . Grb7 can also be detected in discrete regions of the plasma membrane called focal contacts, where it is bound and phosphorylated by focal adhesion kinase (FAK), which is a cytoplasmic tyrosine kinase known to play an important role in integrin-mediated signal transduction and cell migration [14] . The recruitment of Grb7 to protein complexes containing activated Ras proteins indicates that Grb7 expression may also modulate Ras signaling [19] .
Grb7's involvement in regulating cell motility is dependent on its targeting to focal contacts, its tyrosine phosphorylation by FAK and the association of its PH domain with specific phosphoinositides [2, 14] . Grb7's association with EphB1 [14] also contributes to cell migration. Grb7/FAK complex formation and increased cellular invasion have been reported in esophageal carcinoma cells, and Grb7 antisense inhibits migration in preclinical models [20, 21] . The importance of Grb7 in tumor progression and cancer cell migration has been suggested by several studies, as reviewed previously [3, 7, 22] . Grb7 has been shown to be overexpressed in a subset of esophageal and gastric cancers and in Barrett's carcinoma and has been shown to be associated with disease progression in esophageal cancer [3, 7, 22] .
Several studies indicate that Grb7 is involved in breast cancer in the context of HER-2/neu amplification. Grb7 has been shown to be coamplified with HER-2/neu in most, if not all, of the breast cell lines and breast tumors with 17q11-21 amplification [11, [23] [24] [25] . This association in expression levels between Grb7 and HER2/neu has been shown in primary breast tumors both by RT-PCR [23, [26] [27] [28] and by western blot [11, 29] by several groups in small-cohort studies (<80 patients). Grb7 and HER2/neu have been found to form a complex in breast cancer cells: Grb7 coimmunoprecipitates with phosphorylated HER2/neu in breast cancer cell lines, indicating that the coexpression of these two proteins results in activation of the HER2/neu signaling pathway. Moreover, in a subgroup of human breast cancer cell lines, Grb7 associates and coexpresses with HER3 and HER4, which are known to heterodimerize with HER2/neu [18] . Knock down of Grb7 leads to decreased cell proliferation and cell cycle progression in SKBR3 and BT-474 cell lines [30] . Grb7 overexpression facilitates phosphorylation of both AKT and HER2/neu in HER2/neu-overexpressing cells [29] . In addition, Grb7 overexpression promotes tumor formation in xenograft models by HER-2/neu-expressing cells [29] .
Small-molecule and peptidomimetic inhibitors of Grb7 are currently being assessed in laboratory models, as reviewed previously [7] . One of the promising anti-Grb7 peptides, G7-18NATE, binds selectively to the SH2 domain of Grb7 (with no detectable binding to other related family members) [31] . It inhibits the binding of Grb7 to various tyrosine kinases, including the ErbB family [31] . This drug has been shown to be well tolerated in mice [32] and has been shown to inhibit breast cancer cell proliferation with no effect on nonmalignant cells [22] . Specifically, G7-18NATE inhibits proliferation of SKBR3, ZR-7530, MDA-MB-361 and MDA-MB-231 breast cancer cells and has no significant effects on the non-HER2/neuexpressing MCF-7cells, and nonmalignant MCF-10A or NIH3T3 cells [22] . G7-18NATE is synergistic with trastuzumab in inhibiting SKBR3 cells, which overexpress HER2/neu [22, 33] and is also synergistic with adriamycin in inhibiting SKBR3 cells [22] .
A number of studies have assessed the importance of Grb7 in predicting prognosis in breast cancer at the messenger RNA (mRNA) level. Grb7 is included in the 21-gene set (Oncotype DX assay) used for predicting prognosis in early-stage breast cancer based on mRNA levels [34] . Cobleigh et al. [28] and Vinatzer et al. [27] studied the expression levels of Grb7 mRNA in 78 and 85 breast cancer patients, respectively, and found that higher expression of Grb7 mRNA was associated with worse prognosis. Given the potential importance of Grb7 as a drug target and the potential discordance between mRNA and protein levels, we assessed expression of this protein in a large cohort of breast cancer specimens and studied the association with survival and other clinical variables. To the best of our knowledge, no large-scale quantitative studies have been conducted on Grb7 protein expression in clinical breast cancer specimens. To obtain more accurate, objective expression measures, we used our newly developed method of Automated QUantitative Analysis (AQUA) of in situ protein expression. This method has been validated and has proven to be more accurate than pathologist-based scoring of 3,3#-diaminobenzidine stain. As with some other targeted therapies, it is possible that response to Grb7-targeting drugs might be associated with expression levels of the target in tumors, and quantitative assays need to be developed to predict response. Other markers that have both prognostic and predictive value, such as HER2/neu and hormone receptors, have significantly impacted our ability to appropriately select therapeutic regimens for breast cancer. We found that Grb7 expression is variable and that high expression is associated with decreased survival and HER2/neu overexpression.
materials and methods

cell lines and western blots
MDA-MB-435, MDA-MB-231, MCF-7, T47D, ZR-7510, BT-20, BT-474 and SKBR3 human breast cancer cell lines were purchased from ATCC (Manassas, VA). Western blotting of protein extracts was carried out using standard methods. Grb7 expression was detected by overnight incubation with rabbit anti-Grb7 immunoglobulin G H-70 (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:1000. Protein loading was assessed using mouse antib-actin (Sigma-Aldrich, St Louis, MO) at 1:5000.
cell fractionation
BT-474 cells were grown to 80% confluence, collected and incubated in 400-ll hypotonic buffer for 30 min on ice. A 2-ll sample was removed to verify that 80%-90% of cells were stained by Trypan blue. The remaining cells were spun at 1200·g for 15 min and the cytoplasmic fraction was collected from the supernatant. The pellet was rinsed, spun down for 30 seconds at 1000·g, suspended in 400-ll hypertonic buffer (10 mM NaPO 4 , 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid), sonicated for 1 min and incubated on ice for 5 min. Sonication was repeated, and the pellet was incubated for 30 min on ice and spun down for 10 min at 360·g. Supernatant containing the nuclear fraction was collected. Purity of fractions was confirmed by western blot and determined by the presence of a-tubulin (cytoplasmic marker) and laminB1 (nuclear marker) using anti-laminB1 ab16048 (Abcam, Cambridge, UK) and anti-a-tubulin (Sigma-Aldrich) antibodies. Tissue microarrays (TMAs) were constructed as previously described [35] . A total of 319 node-negative and 319 node-positive breast cancer cores, each measuring 0.6 mm in diameter, were spaced 0.8 mm apart. Specimens and clinical information were collected with approval of a Yale University Institutional Review Board. The cohort has been described and validated in previous publications [35] . Estrogen receptor staining was positive in 52%, progesterone receptor in 46% and HER2/neu in 14%. Nuclear grade 3 (on a 1-3 scale) was seen in 28% of the specimens, and 59% were larger than 2 cm. The histological subtypes included 72% invasive ductal carcinomas and 14% lobular carcinomas and 14% had mixed or other histology. The specimens were resected between 1962 and 1980, with a follow-up range between 4 months and 53 years, and a mean follow-up time of 12.6 years. Age at diagnosis ranged from 24 to 88 years (mean age 58 years). Complete treatment history was not available for the entire cohort. Most patients were treated with local irradiation. None of the node-negative patients were given adjuvant systemic therapy. A minority of the node-positive patients (15%) received chemotherapy, and 27% of those treated after 1978 received tamoxifen. The time between tumor resection and tissue fixation was not available. A pathologist reviewed slides from all of the blocks to select representative areas of invasive tumor to be cored. The cores were placed on the TMA using a Tissue Microarrayer (Beecher Instruments, Silver Spring, MD). The TMAs were then cut to 5-lm sections and placed on glass slides using an adhesive tape-transfer system (Instrumedics, Inc., Hackensack, NJ) with UV cross-linking.
immunoflourescence One set of two slides (each containing a core from different areas of the tumor for the same patient) was stained for Grb7. Staining was carried out for AQUA as described [36] . Briefly, slides were deparaffinized in xylene and transferred through two changes of 100% ethanol. For antigen retrieval, the slides were boiled in a pressure cooker containing 6.5 mM sodium citrate (pH 6.0). Endogenous peroxidase activity was blocked in a mixture of methanol and 2.5% hydrogen peroxide for 30 min at room temperature. To reduce nonspecific background staining, slides were incubated at room temperature for 30 min in 0.3% bovine serum albumin (BSA) in 1X Trisbuffered saline. Slides were incubated at 4°C overnight in a humidity tray with rabbit anti-Grb7 antibody (at 1:100) diluted in Tris-buffered saline containing 0.3% BSA. Goat anti-rabbit HRP-b polymer backbone (Envision; Dako, Carpinteria, CA) was used as a secondary reagent and Cy5-tyramide (Perkin Elmer Life Science, Massachusetts) was used to visualize the target. To create a tumor mask, slides were simultaneously incubated with a mouse anti-human cytokeratin antibody (Dako) at 1:200 and were visualized with a secondary Alexa 488-conjugated goat anti-mouse antibody (Molecular Probes, Inc. Eugene,OR). Coverslips were mounted with ProLong Gold antifade reagent with 4#,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA). Staining for estrogen receptor, progesterone receptor and HER2/neu was carried out as previously described [37] .
automated image acquisition and analysis
Images were analyzed using algorithms that have been extensively described [36] . Multiple monochromatic, high-resolution (1024 · 1024 pixel, 0.5-lm) grayscale images were obtained for each histospot, using the ·10 objective of an Olympus AX-51 epifluorescence microscope (Olympus, Melville, NY) with an automated microscope stage and digital image acquisition driven by custom program and macro-based interfaces with IPLabs software (Scanalytics Inc., Fairfax, VA). Areas of tumor were distinguished from stroma by creating a mask with the cytokeratin signal tagged with Alexa 488. Coalescence of cytokeratin at the cell surface was used to identify the membrane-cytoplasm compartment within the tumor mask, while DAPI was used to identify the nuclear compartment within the tumor mask. Grb7 was visualized with Cy5 (red). Cy5 was used because its emission peak is outside the color spectrum of tissue autoflourescence. The target signal was scored on a scale of 0-255 (AQUA score) for the nuclear and cytoplasmic compartments. Two images (one in focus and one out of focus) were taken of the compartment-specific tags and the target marker. A percentage of the out-of-focus image was subtracted from the in-focus image for each pixel, representing the signal-to-noise ratio of the image. An algorithm described as Rapid Exponential Subtraction Algorithm was used to subtract the out-of-focus information in a uniform fashion for the entire microarray. Subsequently, the PLACE algorithm (Pixel Locale Assignment for Compartmentalization of Expression) was used to assign each pixel in the image to a specific subcellular compartment and the signal in each location is calculated. Pixels that cannot accurately be assigned to a compartment were discarded. The AQUA scores were calculated as the average signal intensity per unit of compartment area and expressed on a scale of 0-255. data analysis JMP version 5.0 software was used (SAS Institute, Cary, NC). The prognostic significance of parameters was assessed using the Cox proportional hazards model with survival as an end point. Associations between continuous AQUA scores of target expression and clinical and pathological parameters were assessed by unpaired Student's t-tests. Survival curves were generated using the Kaplan-Meier method, with significance evaluated using the Mantel-Cox long-rank test.
results western blots
Western blots using the polyclonal H-70 antibody specific for Grb7 on a panel of lysates from breast cancer cell lines are shown in supplemental Figure 1 (available at Annals of Oncology online). We identified a single 57-kDa band. Expression was very high in the SKBR3 and BT-474 cell lines and lower in the other cell lines, consistent with reports in the literature [11, 29, 30] .
immunoflourescent staining
Grb7 staining was either nuclear or cytoplasmic, and many specimens had both nuclear and cytoplasmic staining. Examples of Grb7 staining patterns in breast tumor samples are shown in Figure 1 . Details of the masking and compartmentalization of cells are given in supplemental Figure  2 (available at Annals of Oncology online). Given that previous studies report that Grb7 expression is cytoplasmic, we carried out cell fractionation on BT-474 cells and demonstrated Grb7 presence in both the nuclear and cytoplasmic fractions (supplemental Figure 3 , available at Annals of Oncology online).
To account for intratumor heterogeneity, two separate sets of slides-each containing a core from a different area of the tumor for each patient-were used to evaluate the expression of Grb7. The same was done for ER, PR and HER2/neu as described in our previous work [37] . In the case of Grb7, both nuclear and nonnuclear compartments were analyzed. HER2/ neu did not have significant amounts of nuclear staining, and only the membranous/cytoplasmic compartments were analyzed, and vice versa, for ER and PR staining. We carried out log-regression analyses to assess the correlation between Grb7 expression in the two slides, as demonstrated in supplemental Figure 4 (available at Annals of Oncology online). The matching original article Annals of Oncology spots on each array were highly correlated for all four markers (R = 0.7 for Grb7, R = 0.74 for the ER, R = 0.79 for the PR and R = 0.92 for HER2/neu). AQUA scores ranged from 2.8 to 157.5 for the total Grb7 score (median 27.1), from 2.34 to 94.097 for PR (median 6.58), from 1.085 to 61.164 for 300 HER2/neu (median 2.03) and from 2.29 to 105.39 for ER (median 13.46). For each of the markers, the AQUA scores from both sets of slides were combined to give a single dataset. Tumor spots were deemed uninterpretable if they had insufficient tumor cells, loss of tissue in the spot or an abundance of necrotic tissue. For patients who had two interpretable histospots, a composite score was formed by taking the average of the two scores. For patients with only one interpretable core, the single score was used. The combined dataset for Grb7 had scores for 570 patients. We obtained scores for HER2/neu, ER and PR for 608 patients, 601 patients and 595 patients, respectively. Given that the nodal status often determines the standard clinical approach to patients, we assessed the prognostic value of Grb7 in the entire cohort, as well as within the node-positive and node-negative subsets of patients. Using the Cox univariate survival analysis of AQUA scores, we found that Grb7 expression (cytoplasmic and total) was associated with survival in the entire cohort and in the node-positive subset (P = 0.01 and P = 0.007, respectively, for total Grb7), as shown in Table 1 . Since the nonnuclear Grb7 scores seemed to be the best predictors of survival, since Grb7 is known to be functional in the cytoplasm and since most histospots had mainly nonnuclear Grb7 staining, the remainder of the analyses will focus on the nonnuclear Grb7 scores.
Using the Cox proportional hazards model, we carried out multivariable analysis to assess the independent prognostic value of Grb7 expression. High Grb7 expression remained an independent prognostic marker, as shown in Table 2 , as were tumor size, PR and nodal involvement. Interestingly, once we included Grb7 in our multivariable model, HER2/neu no longer remained an independent prognostic variable.
In order to assess the association between Grb7 expression and other commonly used clinical and pathological parameters, we carried out analyses of variance, and as shown in Table 3 . For patients who had AQUA scores for all four biomarkers, we assessed the associations between continuous biomarker scores by Spearman's rho test, as demonstrated in Table 3 . High Grb7 expression was associated with high nuclear grade and high HER2/neu.
For the purpose of visual demonstration, continuous nonnuclear Grb7 AQUA scores were divided arbitrarily into quintiles, reflecting the use of routine statistical divisions in the absence of a commonly used justification for division of expression levels. Kaplan-Meier survival curves were generated Figure 1 . Immunoflourescent growth factor receptor-bound protein-7 (Grb7) staining patterns: Predominantly cytoplasmic Grb7 (left panel) and nuclear Grb7 (right panel) staining in two breast cancer histospots at ·60 magnification. 
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for the Grb7 scores as shown in Figure 2 (left panel). Using these divisions, log-rank analysis revealed an association between quintiles of Grb7 expression and survival in the nodepositive subset only (P = 0.049). The figure demonstrates clear convergence of the lower four quintiles of Grb7 expression, while the highest quintile is clearly associated with decreased survival, providing clear rationale and justification for division of the population into high expressers (top quintile) and low expressers (lower 80% of Grb7 expressers). Using this cut point we found a strong association between high Grb7 expression and decreased survival in the entire cohort and the nodepositive subset by log-rank analysis (P = 0.02 and P = 0.0043, respectively), as shown in Figure 2 (right panel). To provide further justification for this cut point, we used the nonparametric Kolmogorov-Smirnov test to compare the empirical Grb7 distributions of the subset of individuals who lived at least 15 years and uncensored individuals who lived <15 years. Based on this test these two distributions are significantly different (P < 0.046) and the largest difference between the corresponding cumulative distribution functions occurs when binarizing Grb7 expression levels at an AQUA score of 31.81 (73rd percentile), which is close to the cut point implemented in the Kaplan-Meier curves. Despite the clear association between Grb7 and HER2/neu expression, many cases have different expression ratios between these two markers. Therefore, we further analyzed the joint distribution of these markers in the context of survival, as visually demonstrated in the two-dimensional plot in Figure 3A . Grb7 AQUA scores were divided into two groups using the 80th percentile cut point described above, with the top quintile of continuous AQUA scores in one group, and the lower 80% of scores in the second group. HER2/neu scores were similarly binarized by the 80th percentile, reflecting the approximate designation of HER2/neu scores into 'high' and 'low' categories in clinical practice. To further assess cut points, we used a method developed by Peacock [38] , detailed in the supplemental materials (available at Annals of Oncology online). There is a clear abundance of nonsurvivors (62.5%, black squares) in the high Grb7/high HER2/neu group (top right quadrant) when compared with the patients who have high expression of HER2/neu, but low expression of Grb7 (37.5%). To further demonstrate the difference between Grb7 high and low expressers within the HER2/neu-overexpressing subset, we generated Kaplan-Meier survival curves in Figure 3B . By logrank analysis at 15 years, we demonstrate that patients who are high expressers for both Grb7 and HER2/neu have decreased survival when compared with patients who only have high HER2/neu expression (P = 0.0005).
discussion
In this work we assessed expression of Grb7 protein levels in a quantitative fashion on a large cohort of primary breast cancer specimens and evaluated the association with breast cancer-specific survival. The method of analysis used gives objective and continuous measures of expression, rather than routinely used pathologist-based divisions of staining into nominal scores or 'positive/negative'. Our results were reproducible when using a second set of array with different cores from tumors of the same patients.
Consistent with published reports regarding prognostic value of Grb7 mRNA levels [27, 28] , we demonstrated that high Grb7 protein expression is associated with decreased survival. In our study high Grb7 protein expression was strongly associated with decreased survival in the entire cohort (P = 0.0034) and in the node-positive subset (P = 0.0019) by Cox univariate analysis of continuous scores. The association with survival in the node-negative subset was not significant. High Grb7 expression retained its independence as a prognostic factor on multivariable analysis (P = 0.01). Thus, high Grb7 expression defines a subset of breast cancer patients with decreased survival. To the best of our knowledge, this is the first large cohort study assessing Grb7 protein expression and its association with survival.
Staging of primary breast cancer is an important step in selecting patients for adjuvant chemotherapy, which reduces the likelihood of disease recurrence and death. Standard prognostic variables (tumor size, grade, stage, hormone receptor expression and lymph node involvement) are routinely used to select the course of therapy. Molecular markers in the primary specimen that are highly associated with survival, such as Grb7, could supplement standard staging information and enable us to identify breast cancer patients at high risk for disease recurrence, thus avoiding the toxicity associated with chemotherapy for the vast majority of patients who are cured by local therapy alone [39, 40] .
In addition to supplementing staging information, expression of molecular markers such as Grb7 can assist us in improving selection of specific therapies. We found a strong association between expression of Grb7 and HER2/neu. These two genes are both located on chromosome 17q11-21, which is a commonly amplified region in breast carcinomas, particularly those that have been shown to be driven by HER2/neu [11, 12, 23] . We demonstrated that coexpression of these molecules was associated with worse prognosis than high HER2/neu alone, indicating that Grb7 coexpression might be necessary for HER2/neu function. The importance of HER2/neu in breast cancer is well established [41] ; HER2/neu is overexpressed in approximately 20%-30% of invasive breast cancers and is original article Annals of Oncology associated with poor prognosis, as reviewed previously [42] . Drugs that target HER2/neu have been shown to prolong survival, as reviewed previously [43] [44] [45] . Given that Grb7 strongly binds to HER2/neu via its SH2 domain, the improved survival among HER2/neu overexpressers who have low Grb7 compared with those with high levels as seen in Figure 3 further supports the notion that Grb7 is essential for signaling through HER2/neu. This finding has very important clinical implications for the treatment of breast cancer: only a subset of HER2/neu-overexpressing breast cancers are sensitive to trastuzumab [43, 46, 47] , and it is possible that in the trastuzumab-resistant cases, signaling through the HER2/neu pathway is not driving tumor growth due to low levels of Grb7. Conversely, in patients with overexpression of both proteins, trastuzumab efficacy might be augmented by concurrent targeting of Grb7. As detailed in the introduction, inhibitors of Grb7 are currently in preclinical development, as reviewed previously [7] . One of the promising anti-Grb7 peptides, G7-18NATE, inhibits proliferation of HER2/neu-overexpressing cells and 
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has no significant effects on the non-HER2/neu-expressing MCF-7cells and nonmalignant MCF-10A or NIH3T3 cells [22] . G7-18NATE is synergistic with trastuzumab in vitro in HER2/neu-overexpressing cells [22, 33] . Since Grb7 also binds to other oncogenic receptor tyrosine kinases, such as EGFR [1] , ErbB3 [18] and ErbB4 [18] , combining Grb7 inhibitors with inhibitors of these kinases might be beneficial in breast cancers that are driven by these receptors or in other diseases.
In summary, we have demonstrated a strong association between high Grb7 expression and decreased survival in primary breast cancer, both in the entire patient cohort and among the node-positive patients. Grb7 expression could supplement current standard immunohistochemical analyses in identifying patients at the highest risk for relapse, who might benefit from aggressive adjuvant therapy. The association between Grb7 expression and sensitivity to Grb7-targeting agents remains to be determined, yet our data indicate that Grb7 might be a good drug target in a subset of breast cancer patients, particularly HER2/neu-positive breast cancers. Future studies using Grb7-targeting agents should include assessment of Grb7 levels. disclosures DLR and RLC are founders, stockholders and consultants of HistoRx, a private corporation to which Yale University has given exclusive rights to produce and distribute software and technologies embedded in AQUA. Yale University retains 
